Introduction
In the past, Sn-Pb solders have been used most widely in electrical packages. However, the lead in Sn-Pb solders is very harmful to the human body and the environment. In recent years, WEEE/RoHS laws in Europe were enacted that will forbid the use of lead in solders by July 2006 (1) . Therefore, research on and development of lead-free solders and their practical applications have been active. On the other hand, solder-free welding is also desired (2) in severe temperature environments such as the engine chamber of an automobile or an airplane frame. If we can bond joints without using solder, the improvement of the melting point and thermal fatigue characteristics in those part can be expected.
A copper material used as a junction material has high heat conductivity. Therefore, the thermal processing characteristics are generally very poor. Also the absorption rate of the Yttrium-Aluminium-Garnet (YAG) laser beam (wavelength = 1 064 nm) by copper is very low. Accord-ing to a recent report, the absorption rate of the YAG laser beam is almost 3% in copper material (3) . However, the YAG laser beam has a minimal focus characteristic, and hence, the power density of the beam can be greatly enhanced. Therefore, momentary heating at a microspot is expected. Moreover, because the YAG laser beam has a flexible heat control characteristic, high-quality joining with small HAZ is also expected. Hence, the direct microjoining of copper materials using YAG laser beams was carried out, and we undertook to clarify the joining characteristics and the mechanism.
Experimental Conditions
A schematic of the experimental setup is shown in Fig. 1 . The Nd 3+ YAG laser oscillator (PSL: PYS-2003) generated a pulsed beam with a wavelength of 1 064 nm. A wire (diameter = 140 µm), a plate (thickness = 100 or 200 µm) and substrate board (foil thickness = 70 µm) were used as experimental samples. Each sample was made of electrolytic copper. The sample sizes are shown in Fig. 2 . Each sample was cleaned in an ultrasonic cleaner in an acetone bath. The wire was placed on the plate or the foil as a cantilever, and adjustment of laser irradiation point was confirmed using a CCD camera from the vertical side or the horizontal side. Then, the YAG laser beam was irradiated at the joining part from the upper side, and joining The details of the contact condition between the wire and the plate are shown in Fig. 3 . The wire, held by a jig, was supplied from the direction of 30 degrees to the horizontal axis. The wire on the plate or the foil has a constant contact angle. The wire length indicates the distance of the wire from the tip to the held part, and the poked length indicates the distance from the tip of the wire to the laser irradiation point. The experimental conditions were shown in Table 1 .
After joining, bond strength was evaluated by a peeling test. Figure 4 shows a schematic illustration of the peeling test setup. The traveling speed of the sample stage was 1 mm/min. The sample number was 10. The junc- tion was also viewed from the top, the side and the cross section.
Results and Discussion

1 Influence of contact angle
First, only the contact angle between the wire and the plate was changed and then the joining characteristics were evaluated. The parameters other than the contact angle were kept constant. The thickness of copper plate was 200 µm. Figure 5 shows the relationship between the contact angle and the peeling strength. According to this figure, as the contact angle increased to 15 degrees, the strength also increased. However, at 20 degrees, the strength decreased. Figure 6 shows side views of the junction. At 5 to 15 degrees, a stable shape of the junction was observed. Damage to the wire was small. At 20 degrees, the junction seemed to become upright and therefore the formation of the junction seemed to be unstable. On the other hand, at 0 degree, the wire exhibited damage such as large debris, constriction and evaporation. Figure 7 shows schematic illustrations of the difference of phenomena upon changing of the contact angle. In the case of a), at a large contact angle such as 10 or 15 degrees, the contact area between the wire and the plate is small. Thus, heat release tends to occur along the wire, and the tip of the wire is easily melted back toward the root direction of the wire. Because of this melt-back phenomena, the volume of melted wire at the irradiation point increases. In other words, the heat capacity of the wire increases. Consequently, overheating or evaporation of the wire is prevented. Moreover, because the heating area is small, the molten layer becomes larger and penetration becomes deep. In the case of b), at 0 degree, when the wire is melted back, evaporation of the wire is prevented for the same reason as above. However, the contact area and heating area are so large, that the molten layer becomes smaller and penetration is shallow. On the other hand, in the case of c), at 0 degree, when the wire does not melt back, the heat capacity of the wire is very small compared with that of the plate. Therefore, overheating of the wire easily occurs, as does evaporation of the wire. For these reasons, the control of the behavior of the wire by the meltback phenomena is very important in preventing damage of the wire caused by evaporation. Figure 8 shows crosssectional views of the junction. At 5 or 10 degrees, the penetration was deep. On the other hand, at 0 degree, the penetration was shallow.
2 Influence of poked length
Next, only the poked length was changed and the joining characteristics were evaluated. The parameters other than poked length were kept constant. The thickness of copper plate was 200 µm. Figure 9 shows the relationship between poked length and peeling strength. As the poked length increased to 300 µm, the strength also increased. However, beyond 400 µm, the strength decreased. Figure 10 shows photographs of the junction in each direction. Observation of the side views revealed that as the poked length increased, the volume of melt-back also increased. Observation of the top view showed that at 200 µm, there is a large volume of melted wire on the plate. Observation of the cross-sectional view indicates the penetration depth to be shallow. These results indicate that the heat capacity of the wire is low at 200 µm. Therefore evaporation of the wire more easily occurred. Also, heat conduction toward the plate became smaller. At a result, the penetration depth was shallow. At 300 or 400 µm, deep penetration was observed. However, observation of the top view at 400 µm showed that the wire melted irregularly. Because the melt-back phenomena also occur irregularly, the peeling strength might decrease at 400 µm. 
3 Maximum peeling strength and fracture mode
The maximum strength in the peeling test was almost 4 N. The maximum strength of the base material of copper is almost 6 N. As is generally known, after annealing, the tensile strength decreases and elongation increases (4) . The decrease of the maximum strength might be caused by the annealing effect of the laser heating. Figure 11 shows fracture modes observed in the peeling test. Fracture modes a) and b) occurred when welding was insufficient due to evaporation of the wire. When the maximum strength of about 4 N was obtained, the fracture mode was approximately type c). The reason why fracturing occurred at HAZ may be the difference in the elongation of the interface between the HAZ layer and the base material layer. At HAZ, the wire elongates well. However, at the base material layer, it does not elongate com-pared with that at HAZ. Therefore, the fracture when the strength is maximum might occur at HAZ.
4 Influence of reduction in size
Only laser-irradiation conditions were changed and joining characteristics were evaluated. The conditions other than the laser-irradiation conditions were kept constant. Figure 12 shows the relationship between plate thickness and peak power when the average strength was more than 2.5 N. According to this figure, as thickness decreased, the suitable peak power decreased and also narrowed. This tendency was marked particularly at 70 µm. Because of the low heat capacity, the input heat conditions became severer. Figure 13 shows the relationship between pulse duration and peeling strength for various plate thicknesses. Peak power in each thickness was set in the condition in which peeling strength was high. At any thickness, a pulse duration of 4 ms or longer was required. In a recent paper, the absorption rate of the YAG laser beam by copper materials was reported to increase to almost 60% after 4 ms of irradiation (5) . The 4 ms irradiation might be a suitable absorption time for both the wire and the plate. However, at 70 µm, 5 ms of irradiation was too long, and the strength decreased. Because the heat capacity of the foil is low, the pulse energy may have been too high. Figure 14 shows photographs of the junction in the top view or cross-sectional view for each thickness. Observation of the top reveals that as the thickness decreased, the volume of melted wire on the plate decreased and the quality of the surface tended to improve. As the peak power decreased, the pulse energy also decreased, and the absolute volume of melted wire decreased. Therefore, the quality of the surface might be improved. In observations of the cross section, at 100 or 200 µm, the penetration area into the plate could be observed. On the other hand, at 70 µm, the penetration area into the plate could not be observed clearly. Because the input energy was too small, the penetration area may not have been observed. Slight peel-off of the foil was confirmed at the joining area. This indicates that input heat is too high and therefore input heat control is required. Figure 15 shows a schematic illustration of a pulse train and photographs of the melted wire in each time frame. The waveform is divided into 5 pulses and with rest time inserted between pulses. Inserting the rest time is expected to prevent overheating of the wire and to stabilize the joint. If high energy or high peak power is irradiated, the defect caused by evaporation or a large volume of scatter would occur. Figure 16 shows the relationship between pulse condition and peeling strength for each thickness. At any thickness, a slight effect of pulse heat control was evident, but no strong effect was observed. Figure 17 illustrates the patterns of joining failure at 70 µm. In the case of a), because of large input heat, overheating of the wire occurs and as a result, the wire evaporates. On the other hand, in the case of b), because of little heat release toward the plate side, a large volume of wire melts back, and the melted wire escapes toward the root direction of the wire. As a result, joining fails. These joining failures might be caused by the low heat capacity of the foil. Because the heat capacity of the wire is higher than that of the foil, heat release easily occurs along the wire. Therefore, to prevent these failures, better control of input heat to the wire is required. The peeling strength would then also be improved.
5 Input heat control by waveform adjustment
Conclusions
Direct microjoining, using YAG laser beams, of copper wire and a copper plate or substrate board was carried out. The results were as follows.
( 1 ) The contact angle and poked length were important factors in the melt-back phenomena.
( 2 ) Because of the melt-back phenomena, the tip of the wire melted, which increased the heat capacity of the wire at the laser irradiation point. Therefore, damage to the wire, such as evaporation and constriction, could be prevented. As a result, the peeling strength increased.
( 3 ) Observation of the junction revealed that when a high peeling strength was obtained, penetration into the plate was deep. On the other hand, when a low peeling strength was obtained, defects of the wire, such as evaporation or constriction, were observed. Also, as the plate thickness decreased, the quality of the top surface improved and the penetration area into the plate became smaller. These results may also be due to the reduction of input energy.
( 4 ) For any plate thickness, a pulse duration of 4 ms or longer was required for the absorption time of both the wire and the plate.
( 5 ) The maximum peeling strength was almost 4 N. Compared with the base material, the strength decreased by almost 2 N. This decrease might be caused by the annealing effect of laser beam irradiation. When the maximum strength of about 4 N was obtained, the fracture mode was at HAZ. The reason for this might be the difference in the elongation of the wire in the interface between the HAZ layer and the base material layer.
( 6 ) As the plate thickness decreased, input heat conditions became very severe. Particularly for 70-µm-thick foil, the peeling strength was poor. Because of the low heat capacity of the foil, heat release easily occurred along the wire. Therefore, better control of input heat to the wire is required.
